Abstract The size of seeds and the microsite of seed dispersal may affect the early establishment of seedlings through different physiological processes. Here, we examined the effects of seed size and light availability on seedling growth and survival, and whether such effects were mediated by water use efficiency. Acorns of Quercus petraea and the more drought-tolerant Quercus pyrenaica were sowed within and around a tree canopy gap in a subMediterranean forest stand. We monitored seedling emergence and measured predawn leaf water potential (W pd ), leaf nitrogen per unit area (N a ), leaf mass per area, leaf carbon isotope composition (d 13 C) and plant growth at the end of the first summer. Survival was measured on the next year. Path analysis revealed a consistent pattern in both species of higher d 13 C as W pd decreased and higher d 13 C as seedlings emerged later in the season, indicating an increase in 13 C as the growing season is shorter and drier.
Introduction
The size of seeds and the microsite of seed dispersal are major determinants of the early establishment of seedlings of woody species. On one hand, seed size has generally a favourable effect on seedling survival and growth (Bonfil 1998; Castro et al. 2008; Quero et al. 2007 ) that may persist for various years (Seiwa 2000; Tripathi and Khan 1990) . On the other hand, microsites of high overstory canopy closure provide poor conditions for numerous tree species, and seedlings tend to recruit in gaps or areas of sparse canopy cover (Asbjornsen et al. 2004; Gómez-Aparicio et al. 2008; Rodríguez-Calcerrada et al. 2010) . It is yet unclear what physiological traits mediate the advantage of big seeds and gap plants, despite seed size and canopy closure may affect diverse aspects of plant physiology intimately linked to fitness (see Geber and Griffen 2003; Kennedy et al. 2004 , and references therein).
Water reaches critically low values for plants in seasonally dry and arid ecosystems. Thus, maximizing net carbon assimilation relative to water loss, i.e. leaf water use efficiency (WUE), generally increases plant growth (Dudley 1996; Geber and Griffen 2003; Picotte et al. 2007 ) and survival (Casper et al. 2005; Ehleringer 1993 ) in these ecosystems. There are multiple ways in which seed size and dispersal microsite can affect leaf WUE. Since seed reserves provide a large part of first-year seedling' nitrogen (Villar-Salvador et al. 2010 ), a positive effect of seed size on leaf WUE is expected if seedlings from bigger seeds (i.e. with more reserves) have leaves with more nitrogen (Brookes et al. 1980; Tripathi and Khan 1990) , higher nitrogen concentration (Khurana and Singh 2004) , and thus higher carboxylation capacity relative to stomatal conductance to water vapour (Cordell et al. 1999) . On the other hand, the microsite of seed dispersal affects leaf WUE in relation to the abundance of resources, such as water and light (Ehleringer and Cooper 1988) . Under mild to moderate soil water deficit there is minor metabolic inhibition of net CO 2 assimilation and stomatal regulation of water loss often leads to an increment of leaf WUE (Aranda et al. 2007; Flexas and Medrano 2002) . Light, on the other hand, favours WUE partly by increasing the number of mesophyll layers on the leaves, which in turn, increases the amount of nitrogen per unit area and their photosynthetic capacity relative to the diffusion rate of CO 2 into the chloroplasts (Aranda et al. 2007; Ponton et al. 2002) .
Emergence time is an important component of fitness (Castro 2006; Seiwa 2000; Urbieta et al. 2008; Verdú and Traveset 2005) that is partly related to seed size (Du and Huang 2008; Tripathi and Khan 1990) and canopy closure (Augspurger et al. 2005; Jones et al. 1997; Seiwa 1998) . Early emergence gives plants a performance advantage during recruitment due in part to the pre-emption of aboveand below-ground resources to competitors (Geber and Griffen 2003) . Also, in Mediterranean-type climate habitats, early emergence allows for a larger time span for development before the onset of summer drought. A nonconservative water use can be expected in early emerging plants, given the high soil moisture and interspecific competition existing at the beginning of the growing season. The relationship between emergence time and leaf WUE remains unexplored in Mediterranean-type habitats despite seasonality in soil moisture and air evaporative demand is likely to affect physiological traits involved in carbon gain and water use. It is also ignored to what extent a potential effect of emergence time on leaf physiology reflects an indirect influence of other factors, such as seed size.
Path analysis is a good tool to untangle the complex relationships that underlie ecophysiological processes (e.g. Milla et al. 2009; Picotte et al. 2007) . In this study, we use path analysis to explore the effects of seed size and light availability on the growth of 1-year-old seedlings of Quercus pyrenaica Willd and Quercus petraea (Matt.)
Liebl. in a sub-Mediterranean forest stand. Previous studies have pointed out that seedlings of the temperate Q. petraea are more competitive in resource-high conditions and seedlings of the sub-Mediterranean Q. pyrenaica are more resistant to (competitive in) resource-poor conditions (Rodríguez-Calcerrada et al. 2008 . The more competitive character of Q. petraea is reflected in a higher responsiveness of shoot growth to light and could also involve a higher allocation of seed reserves to shoots (Long and Jones 1996; Rodríguez-Calcerrada et al. 2008 . Such rapid vertical growth (relative to Q. pyrenaica), however, may compromise its survival in sub-Mediterranean populations, where summer drought is recurrent and critical for seedlings. Here, we hypothesized the existence of an indirect effect of seed size and light availability on plant growth through their effects on emergence time and leaf WUE. We expected that Q. petraea and Q. pyrenaica presented similar functional relationships among traits due to common effects of light and water deficit on leaf physiology and plant growth and a conserved influence of seed size on these traits in the first year of germination; nonetheless, we expected that the magnitude of some relationships would change according to their contrasting ecology. More specifically, we expected a stronger effect of seed size than light on first-year growth, and that seed size and light would be more relevant for growth of Q. petraea than for the slower growing Q. pyrenaica. Since the maternal origin is a significant source of variation in traits affecting early plant performance, such as seed size, plant growth ) and leaf WUE (Sandquist and Ehleringer 2003) , we included the identity of the mother tree as a factor in general linear mixed-effects models (GLMMs) to test for potential maternal effects on the relationships between traits. Finally, we measured seedling survival in the second year, under the expectation that the probability of survival would be higher for those seedlings exhibiting high leaf WUE.
Methods

Study site
The study site is located in the ''El Hayedo de Montejo'' forest, in the northeast of Madrid province (Spain 41°07 0 N, 3°30 0 W). This forest has been intensively managed for firewood production and livestock grazing until the first half of the twentieth century, when the ceasing of activities led to the infilling of the ancient open woodland. Today, it is formed by pure to mixed stands of Q. pyrenaica, Q. petraea, Fagus sylvatica and Ilex aquifolium, with Q. petraea and F. sylvatica being close to their southernmost edge of distribution (see Nanos et al. 2005 for more details). The climate is sub-Mediterranean, with 958 mm annual rainfall and only 159 mm from June to September. Mean annual temperature is 9.5°C and the mean from June to September is 16.8°C (average data for a 14-year period in the study site). The soil is fertile and well drained, originated from a micaceous gneiss rock bed.
Study plot and design
The study was conducted in an 11 9 15 m plot; gently sloping (12.6%), oriented to the SE (140.7°) and dominated by Q. pyrenaica in the overstory (of about 12 m canopy height). Elevation is 1,415 m asl and mean topsoil bulk density is 0.75 g cm -3 . The plot has a 50 m 2 canopy gap in the mid-bottom part. This gap was not caused by the recent fall of any tree; rather, the presence of several trees of Crataegus monogyna in the north border suggests an old colonization by light-demanding woody species. Across the site there were only few sparse shrubs of Rosa micrantha and Rubus sp. Cover of herbaceous plants was high (mean 45% in spring). Herbs Asphodelus albus, Torilis japonica and Galium aparine and grasses Melica uniflora and Poa nemoralis were the most abundant species.
In autumn 2007, an indeterminate number of acorns were collected from three maternal trees of Q. petraea and four of Q. pyrenaica. In the laboratory, we measured the length and width of all viable acorns and painted them with different colours to identify the species and maternal tree. A total of 1,120 acorns were then put into galvanized wire cages (10 mm mesh size) to prevent predation by rodents in the field. Acorns were separated about 8 cm within the cages. Sowing took place in November 2007. Cages were buried approximately at 2 cm depth (with litter replaced on top after burial) across 160 points systematically distributed in the plot. Cages had three (occasionally two) acorns of Q. petraea and four (occasionally five) acorns of Q. pyrenaica, with at least one acorn per maternal tree. The position of each acorn was annotated at sowing. The controlled sowing allowed for an even distribution of acorns across microsites while avoiding bias in seed size or seedling density. The plot was fenced for excluding domestic cattle to browse the plants.
Plant measurements
Measurements were made on seedlings from three maternal trees of Q. petraea and Q. pyrenaica. We followed emergence regularly since April 2008. The day of seedling emergence (DOE) was computed as the first day the epicotyl was observed. At the end of summer (early September), we selected 74 plants from Q. petraea and 71 from Q. pyrenaica that had emerged in different dates and were widely distributed around and within the gap for measurements of growth (height, stem-diameter, and total leaf area), leaf mass per area (LMA), leaf predawn water potential (W pd ), leaf nitrogen concentration (N m ), and leaf carbon isotope composition (d 13 C). In general, we sampled one seedling of each species in the same burial site. Height was measured with a ruler to the nearest 0.1 cm and stem diameter with a digital calliper to the nearest 0.01 mm. Total leaf area was calculated as the sum of the area of all individual leaves. Then leaves were oven-dried for 3 days at 60°C and powdered for analyses of N m and d 13 C. N m was determined with the Kjeldahl method. The content of nitrogen per unit of leaf area (N a ) was estimated by multiplying N m and LMA. Leaf carbon isotope composition (d 13 C) was determined with an elemental analyzer (Carlo Erba 1108) coupled to a mass spectrometer IRMS (Isochrom, Micromass), with a precision of ±0.2%. Leaf d 13 C is widely used as a long-term indicator of WUE (e.g. Ehleringer 1993; Farquhar et al. 1982 Farquhar et al. , 1989 . Predawn water potential (W pd ) was measured in one leaf per plant with a pressure chamber (PMS Instrument Company, Albany, USA) to the nearest 0.025 MPa. Finally, in September 2009, we examined whether the seedlings that had been sampled in 2008 were alive or dead.
In addition, we monitored canopy closure by assigning the development of buds and leaves of overstory trees (six branches per tree) to several phenological categories going from bud break to full leaf expansion.
Microenvironment measurements
We assumed homogeneous environmental conditions for the seven seeds buried per site (30 9 20 cm size), so we measured light and soil water content in one point per burial site. Understory light availability was measured by means of hemispherical photography and volumetric soil water availability by means of time domain reflectometry (TDR). The hemispherical photographs were made at 50 cm height with a digital camera (Nikon Coolpix 995, Tokyo, Japan) coupled to an 8 mm fisheye lens and mounted on a self-levelling base. They were made on overcast conditions within 1 week at the end of August, when tree canopy cover was complete. Since no defoliation or branch fall occurred over the growing season, this measure reflects the light availability of the whole period whereby canopy closure was complete. We used the software Hemiview (Delta T Devices Ltd., Cambridge, UK) to analyze the images and calculate the proportions of direct and diffuse radiation relative to those above the canopy. We used the global site factor index (GSF, calculated from values of direct and diffuse radiation, and ranging from 0 to 100%) to estimate light availability (Rich 1990 ). Volumetric topsoil moisture was measured every 10-15 days since the 15th of April using a Trime-FM3 mobile meter coupled to probes 16 cm deep (IMKO Micromodultechnik GmbH, Ettlingen, Germany). All measurements were taken not further than 10 cm from the burial site and were performed at different points between dates.
Data analysis
Some plants emerging very late in summer were excluded from the analyses. The final number of observations was 70 per species (18, 34 and 18 per family for Q. pyrenaica, and 29, 14 and 27 for Q. petraea). We used statistical packages Statistica 7.1 (Stat Soft Inc., OK, USA), AMOS 5.0 (AMOS development Corp., SC, USA) and R (R development Core Team 2009) for analyses.
We compared the two species and the three families per species using ANCOVA's, with species as the main factor, family nested within species, and seed size (see below) as a covariate. Separate analyses were made for response variables W pd , LMA, N a , plant growth (see below), and d 13 C. W pd had positive skew and kurtosis and was transformed as: -Log (square root [-W pd ] ). Highly correlated variables height, stem-diameter and total leaf area were reduced into a new variable (plant vertical growth; hereafter plant growth) by means of principal component analysis (PCA). Seed width and length were similarly combined into a ''seed size'' variable by PCA.
We explored the relationships between all variables and saw that these were absent or linear (Electronic supplementary Figs. 1 and 2 ). Thereafter, we studied the relationships among seed size, light availability, leaf physiology and growth with path analysis. Based on a general conceptual model (Fig. 1) , several specific alternate models were produced with the variables in our data set, and the one with the strongest empirical support was finally selected. We tested for the significance of any difference in the model between Q. pyrenaica and Q. petraea though multigroup analysis (Arbuckle 2003; Shipley 2000) . First, we examined whether the same causal structure applied to both species. Then, we examined whether any path coefficient differed significantly between the species. If a constrained model (with all coefficients imposed to be equal between species) had a low probability level (P \ 0.05), we rejected the hypothesis of total equality of path coefficients and examined which coefficients differed between the species by releasing one between-species equality constraint at a time (Arbuckle 2003; Shipley 2000) . Given a slight departure from multivariate kurtosis, the function used to fit the models was the generalized least squares function instead of the maximum likelihood function. The degree of model fit to the data was evaluated with (1) the v 2 test-with associated P values [0.05 indicating an acceptable fit at a 5% significance level-and (2) the goodness-of-fit (GFI) testwith GFI [ 0.90 indicating an acceptable fit. Only one variable indicative of plant water availability was included in the model; we preferred W pd to soil moisture because the tap root of seedlings can go much deeper than the 16 cm sampled with the TDR. Since understory light availability was not measured before seedlings emerged, we did not specify a link between variables light availability and seedling emergence day in the path models.
The effect of acorn-and/or seedling-specific covariates on those traits found to differ significantly among families (i.e. plant growth and leaf d 13 C; see ''Results'') was studied with the use of GLMMs. This model does not assume independence among observations of the same group (i.e. acorns of the same family) and allows for the randomeffect estimation of family (nested within species). Initially, we introduced as fixed effects the full spectrum of explanatory variables, including environmental variables. Confidence intervals and P values for the fixed effects of the model were assessed via Markov Chain Monte Carlo (MCMC) according to the procedure described in Baayen (2008)-instead of using a classical approach due to the difficulties in estimating the degrees of freedom of parameters in GLMM. Fixed effects estimates that were found to be not significant after MCMC were removedone at a time-from the model. Likelihood ratio tests were also used to assess the significance of dropping fixed effects from the ''full'' model. Model parameters were estimated via restricted maximum likelihood using the ''lme4'' R-library (Bates 2005) .
Finally, we examined the relationship between the probability of seedling survival in the second growing season and the variables measured during the first year. We used separate logistic regression models for each variable, specifying a binomial error distribution for survival (1: alive, 0: dead) and logit link functions. Sampling for physiology inevitably involved defoliation of plants, and it is possible that any impacts were dependent on the size of seeds and seedlings. For this reason, seed size and plant growth variables were not included into this analysis.
Results
Climatic conditions
Rainfall was abundant in spring (392 mm, for a total of 892 mm recorded in 2008) but low in summer (83 mm, with 4 mm in August). Air vapour pressure deficit increased from spring through summer (with mean daily values in the understory being 0.27, 0.72 and 1.17 kPa on May, June and August, respectively), whereas soil moisture decreased progressively from spring through summer. The maximum value of soil moisture (37%) was recorded on 19 May, with values declining to 28% by the end of June and down to 9% by the end of August. That is, as seedlings emerged later in the season they were exposed to drier air and soil conditions, as typically occurs in Mediterranean forests.
Species traits
First seedlings appeared by the beginning of May. Emergence peaked on 19 May for Q. petraea and on 3 June for Q. pyrenaica and it continued well into the summer (Fig. 2) . Approximately 77% of seedlings of Q. pyrenaica emerged before leaves of overstory trees were fully expanded and the proportion increased to 96% in the case of Q. petraea. At the end of summer only two seedlings had produced two shoot flushes. By this time, seedlings of Q. petraea had lower W pd , higher growth, and higher leaf d 13 C than those of Q. pyrenaica (Fig. 3) . When seed size (higher in Q. petraea than Q. pyrenaica) was analysed as a covariate in ANCOVA, W pd and leaf d 13 C were significantly different between the species at P \ 0.01 and plant growth was marginally significantly different (Table 1) . Intraspecific variability was high. We note the consistent divergence of family PET3 with respect to the other two Q. petraea families. PET3 seedlings had the largest seeds and showed the highest growth and leaf d 13 C at the end of summer. No significant family effect was seen for variables LMA, N a and emergence time (Table 1) . Light availability (ranging across microsites from 2.2 to 22.7%) and soil moisture (ranging across microsites from 27 to 49% in spring and 4 to 22% at the end of summer) did not differ between species or families (P [ 0.10; data not shown).
Causal relationships among traits
The most plausible model representing the causal relationships among variables in our data set did not include any effect of seed size on seedling emergence time; neither light availability (GSF) or seed size were relevant for water availability (W pd ) or leaf nitrogen content (Fig. 4) . In contrast, W pd had a consistent negative direct effect on leaf nitrogen content per unit area (N a )] in Q. pyrenaica (Fig. 4) . The standardized coefficients for the total effect of light on leaf d 13 C (i.e. after accounting for direct and indirect effects) were 0.26 and 0.21 for Q. petraea and Q. pyrenaica, respectively. Seedling emergence time had a consistent positive direct effect on leaf d 13 C. In turn, leaf d 13 C had no effect on plant growth on any species. The structure of this model fitted adequately to the data of both species (v 2 = 28.608, df = 24, P = 0.235) so we proceeded testing for total equality of path coefficients assuming a common structure in the models. Constraining the path coefficients to be equal for both species rendered a model that was erroneous at a 5% significance level (v 2 = 52.836, df = 34, P = 0.021). Releasing the constraint that both species had equal regression coefficients for the path linking seed size and leaf d 13 C improved significantly the model at a Bonferroni-corrected 0.5% significance level (change in v 2 = 12.382, df = 1, P = 0.000). Indeed, seed size had a positive direct effect on d 13 C for Q. petraea but no similar effect was detected for Q. pyrenaica (Fig. 4) . Differences in magnitude concerning the removal of between-species equality constraints in the rest of paths were clearly not significant.
Mixed effects modelling
The number of observations was insufficient for testing our final causal model at the family level (Bentler 1989 ). Thus, we made GLMMs to take into account a potential maternal effect on the relationships involving those traits for which a significant maternal effect existed: plant growth and d 13 C. Plant growth at the end of the first growing season was only significantly associated with the size of seeds and the date of seedling emergence ( Table 2 ). The fixed effect of species was not significant within this model, as well as the environmental variables considered in this study and other seedling-specific covariates. The standard deviation of the random family effect was relatively small, something that can also be observed in Fig. 5 displaying the predicted family random effects along with their 95% predicted confidence interval (i.e. note that all the prediction intervals include zero).
Apart from seed size and seedling emergence date, d 13 C was found to be associated with N a and W pd . In this case several family random effects (Fig. 5) did not include zero in their prediction interval in accordance to their estimated standard deviation (Table 2) . Finally, although species membership was not found to be a significant fixed effect, families of Q. petraea seemed to have larger predicted random effect coefficients (Fig. 5) .
Second-year survival
Seedling survival was measured at the end of the second growing season: 79% of Q. pyrenaica and 66% of Q. petraea seedlings survived (Wald test for species comparison = 2.84, P = 0.092). We analyzed the effect of measured variables on the survival of each species. Leaf d 13 C had a significant effect on the probability of survival of Q. pyrenaica (Table 3) , with surviving seedlings having lower d 13 C during the first growing season. Contrastingly, the probability of survival of Q. petraea was affected exclusively by W pd , with surviving seedlings having higher values of W pd than dying ones (Table 3) .
Discussion
Controls of first-year vertical growth
First-year vertical growth of Q. petraea and Q. pyrenaica was governed by seed size. The benefits of seed size for growth were not mediated by a better access of seedlings to water or a higher concentration of leaf nitrogen. Rather, the direct link between seed size and plant growth found by path analysis suggests a translocation of seed carbohydrates to plant organs, in support of previous works that found that early seedling growth was strongly determined by seed cotyledonary reserves (Kennedy et al. 2004; Seiwa 2000; Urbieta et al. 2008 ). Since both species have an episodic flush-type pattern of shoot growth and most seedlings did not produce a second shoot flush after emergence, leaf WUE was irrelevant for plant growth, at least for vertical plant growth. It is important to note that we computed plant growth as the PCA scores resulting from variables height, diameter and total leaf area. We might have found different results if we had measured seedling mass, as it seems reasonable that biomass accumulation be more sensitive than vertical growth to detect any effect of physiological traits (Dudley 1996) . Light availability was also irrelevant for growth because seedlings flushed once and mostly before overstory trees fully expanded their leaves. Understory light availability measured at the time when canopy closure was complete could have no effect on growth if seedlings achieved most of their annual growth before canopy closure. Phenological avoidance of overstory canopy closure has shown to be an important factor for growth of seedlings in deciduous hardwood forests (Augspurger Fig. 4 Path model of the effects of seed size and light availability on plant growth for Quercus pyrenaica and Quercus petraea. By each path, we show the standardized path coefficient and its significance ( ns P C 0.05, *P \ 0.05, **P \ 0.01, ***P \ 0.001), with thick lines highlighting significant paths. By each endogenous (response) variable, we show its unexplained proportion of residual variance. The proportion of variation in Plant growth explained by the model (R 2 ), and the overall goodnessof-fit (v 2 , P and GFI) and degrees of freedom (df) of the model are also shown. Correlations among exogenous (predictor) variables were included in the model but are not shown for clarity. GSF, light availability; DOE, date of emergence; LMA, leaf mass per area; N a , leaf nitrogen per unit area; (W pd ), leaf predawn water potential; d 13 C, leaf carbon isotope composition Seiwa 1998 ). This may also explain the small but significant effect of emergence date on growth seen in the GLMM model (Table 2) , with late-emerging seedlings growing less than early-emerging ones. Seed size, plant growth and leaf d 13 C showed a maternal effect (Table 1 ). This makes possible that the effects of seed size on plant growth and leaf d 13 C observed at the species level (Fig. 4) be actually attributed to a common genetic or phenotypic effect of the mother tree on these variables and not to a true mechanistic relationship. All the predicted family random effects include zero in their prediction interval when the linear model relating plant growth to seed size is considered. On the contrary, this is not the case for some family random effects in the model relating leaf d 13 C to seed size. Accordingly, it seems logical to conclude that the relationship between seed size and plant growth is a purely mechanistic one (see Castro et al. 2008) , but that maternally inherited effects (not related to seed size) seem to exist in the relationship between seed size and leaf d 13 C changed with the availability of resources; it increased with decreasing predawn water potential, in reflect of the increased WUE of plants when exposed to soil water deficit conditions (e.g. Ehleringer and Cooper 1988) , and increased with increasing light. The positive effect of light on WUE was mediated by consecutive increases in LMA and nitrogen content per unit leaf area for Q. pyrenaica. For Q. petraea, however, the effect was direct (i.e. not mediated by a change on LMA) and could account for light-induced biochemical adjustments (e.g. in carboxylation capacity and electron transport rate) enhancing leaf photosynthetic capacity. From our results, it seems that nitrogen tended to favour photosynthesis over stomatal conductance for Q. pyrenaica (Aranda et al. 2007; Ponton et al. 2002) and that it similarly stimulated photosynthesis and stomatal conductance for Q. petraea (Duan et al. 2009; Meziane and Shipley 2001) . Further examination of photosynthesis, stomatal conductance, and mesophyll conductance is needed to assess how consistent these differences are on the ecological requirements of the species and to what extent does d 13 C inform on first-year WUE.
We must note that leaf d photoassimilates add to the 13 C-enriched carbon pool mobilized from reserve organs (Damesin et al. 1998; Eglin et al. 2009; Kennedy et al. 2004; Ponton et al. 2002) . This would explain why leaves of seedlings of Q. petraea from bigger seeds were more enriched in the isotope 13 C than those from smaller seeds at the end of the first year. The fact that such link was not observed for Q. pyrenaica suggests a different pattern of mobilization/allocation of seed carbon compounds to leaves between species (see Baraloto et al. 2005) . Taking into account the higher allocation of biomass to roots in Q. pyrenaica and its typical sprouting habit relative to Q. petraea (Rodríguez-Calcerrada et al. 2008) , seed carbohydrates could be preferentially moved from the seeds to the roots in the former species. Further, the high and rapid growth of seedlings of Q. petraea and its competitive ability relative to Q. pyrenaica would be favoured by a higher consumption of cotyledon reserves (Imaji and Seiwa 2010) , which would consequently cause a higher mobilization of seed 13 Cenriched carbohydrates to leaves and shoots.
A carry-over effect of acorn reserves on leaf d 13 C could also explain the direct link between emergence time and leaf d 13 C. Because carbohydrates transferred from seeds are enriched in the 13 C isotope and new photoassimilates are depleted in 13 C, late-emerging seedlings, with have a shorter period for photosynthesis, would have higher leaf d 13 C (i.e. more 13 C) than early-emerging seedlings at the end of the growing season. In addition, as the season advanced, leaves expanded and developed under increasingly drier air and soil water conditions, which could force some morphological and physiological adjustments that increased leaf WUE in late emerging individuals.
Relevance of functional traits for survival
The relevance of traits for survival differed between species. Q. petraea is a temperate tree only marginally present in sub-Mediterranean forests; its seedlings show an inherent tendency to grow relatively fast but are not adapted to tolerate the severe water deficits that frequently occur in these forests. As such, the probability to die was higher for the seedlings of Q. petraea that had experienced more severe water deficits, differently to Q. pyrenaica, for which levels of water deficit did not seem to exceed any threshold triggering mortality. On the other hand, leaf d 13 C of seedlings of Q. pyrenaica that were alive by the second year from germination was lower than that of dying seedlings. One interpretation of the above result is that low WUE was advantageous for plants. An efficient use of water may help plants to survive persistent droughts in arid environments but be disadvantageous in seasonally dry and competitive habitats (Ehleringer 1993; Mediavilla and Escudero 2003; Nicotra and Davidson 2010; Picotte et al. 2007; Sandquist and Ehleringer 2003) . Alternatively, assuming that first-year leaf d 13 C resulted from the seed-toleaf mobilization of 13 C-enriched components, the increasing probability of survival of Q. pyrenaica as leaf d 13 C decreased could be mostly reflecting a positive effect of first-year photosynthetic carbon gain on subsequent survival. A large part of the carbon gained by photosynthesis in the first year was stored-as suggests the single flush of shoot growth-so that the more carbohydrates were stored the higher were tolerance of stress, recovery from damage and, eventually, survival in the following year (McDowell et al. 2008; Ramel et al. 2009; Seiwa 2000) . The different contribution of d 13 C to survival for each species might reside on their distinct phenology. Seedlings of Q. petraea emerge relatively soon, approximately 15 days earlier than those of Q. pyrenaica and, provided no frosts occur, can take full advantage of the most favourable period for photosynthesis: late spring; thus, variation in net carbon uptake among seedlings becomes negligible for survival. Seedlings of Q. pyrenaica, on the contrary, emerge almost in summer, such that drought-induced variations in net carbon uptake (e.g. due to stomata closure) can critically affect carbon reserves and become relevant for survival-with dying seedlings having more 13 C than surviving ones. In conclusion, the relationship among some functional traits and the relevance of some traits for survival differ between species apparently in relation to their adaptation to drought. Vertical growth of 1-year-old seedlings seems due to a translocation of seed carbohydrates to aerial organs; growth is thus dependent on seed size and independent of the leaf carbon isotope composition, which probably reflects a balance between photosynthetic discrimination against 13 C (i.e. WUE) and seed-to-leaf mobilization of 13 C enriched compounds.
